1993). These methods offer three main advantages over morphological methods: (i) some can be directed at strainlevel or at least subspecific-level identification; (ii) they require less time to learn than morphological methods; Molecular Ecology (1998) 7, 257-272 © 1998 Blackwell Science Ltd A sequence database for the identification of ectomycorrhizal basidiomycetes by phylogenetic analysis 
Introduction
The diversity of ectomycorrhizal (EM) fungi is huge. Thousands of species are known on worldwide or regional scales and tens of species are frequently encountered even within monoculture forests of 0.1 ha (Bruns 1995) . This diversity alone would represent an intimidating factor for many ecological studies, but the difficulty in dealing with EM fungi is compounded by the fact that most species are identifiable only by their fruiting structures.
Much effort has been made to remedy this problem, but all of the existing methods still leave significant numbers of unknowns. Morphological approaches have resulted in beautifully illustrated manuals (Agerer 1987; Ingleby et al. 1990) , but the number of species described in this way are relatively few and many common types are essentially described as imperfect states with unknown affinities (Agerer 1987; Ingleby et al. 1990; Agerer 1994) . Molecular methods currently available enable one to match restriction fragment length polymorphisms (RFLP) patterns of unknown mycorrhizae to known fungi (Gardes et al. 1991; Henrion et al. 1992; Kårén et al. 1997) , or to use DNA probes to test for specifically characterized taxa or genotypes (Marmeisse et al. 1992; Bruns & Gardesand (iii) large numbers of samples can be dealt with more easily because the initial visual sorting process is relatively fast and mycorrhizal tips can then be freeze-dried and stored indefinitely. Unfortunately, RFLP or probe-based methods have the same limitation as morphological approaches: unmatched types remain unknown.
In this study we present a sequence database that helps to place unknowns into smaller, essentially family or subfamily sized, monophyletic groups. The region chosen for this database is a small (≈ 400 bp) fragment of the mitochondrial large subunit rRNA gene. The fungal sequences for this region can be amplified directly from individually extracted mycorrhizal root tips using fungal-specific primers, and the resulting products can be sequenced and compared to known sequences in the database. This method, in combination with the other available molecular methods, enables us to identify virtually all mycorrhizal samples we have encountered to some meaningful taxonomic level (Cullings et al. 1996; Gardes & Bruns 1996; Taylor & Bruns 1997 ).
Materials and methods
Extractions of DNA were made from herbarium samples, cultures of identified basidiomycetes and freeze-dried mycorrhizae collected in nature (Table 1) by methods described previously . The unknown mycorrhizae were derived from Pinus muricata, members of the Monotropoideae, and orchids; details of these studies have been reported elsewhere (Cullings et al. 1996; Gardes & Bruns 1996; Taylor & Bruns 1997) . Diluted crude extracts were used as templates for 35 amplification cycles using the ML5 and ML6 primers (White et al. 1990) , an annealing temperature of 53°C or 55°C, and other cycling parameters as previously described .
Sequences of the PCR products were determined manually with S35 labelling using single-stranded templates generated from asymmetric reactions as described , or by cycle sequencing of doublestranded products using fluorescent dideoxy-terminators and an ABI 377 automated sequencer according to the manufacturer's instructions (Applied Biosystems, Prism kit). The primers ML5 and ML6 were used as sequencing primers. Sequences were determined for both strands, compared, and corrected for the 67 taxa indicated (Table 1 ). All other sequences were determined in only a single direction but error correction in these was facilitated by comparison to closely related sequences and the original data for all variant positions were re-examined and confirmed or corrected.
An initial alignment of ≈ 60 taxa was made with the
© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 257-272 (Higgins et al. 1992 ) on a Sun Sparc station. This alignment was examined and adjusted manually using Microsoft Word on a large-screen Macintosh computer. Manual alignment was facilitated by the use of a colour font. Sample names were temporarily removed during manual alignment to avoid bias. Additional taxa were aligned in small groups and added into the large alignment manually by the same method. After viewing the results of initial phylogenetic analyses, the alignment within wellsupported monophyletic groups was re-examined and adjusted. This was done to ensure that all identical or nearly identical sequences were aligned in the same way.
The final alignment, which excludes the unalignable 5′ portion of the ML5/ML6 fragment ( Fig. 1) , was formatted as a PA U P file (Swofford 1993) . All base positions included in the analysis were written in upper case, a small internal region that could not be aligned was written in lower case, and these latter bases were then ignored by equating them to missing data. Most gaps that were introduced for alignment purposes were also treated as missing data, but a few were coded as fifth character states 'X'. The criteria used for these codings are the same as those described previously . Exclusion sets of taxa were setup for convenient analysis of subsets of the data. P H Y L I P formatted files, used for distance analysis, were derived from the PA U P file. Other than format they also differed from the latter in that all gaps were treated as missing data.
Neighbour-joining analysis was initially conducted on all known and unknown taxa using Kimura 2-parameter
distances; the programs D N A D I S T and N E I G H B O R from
P H Y L I P 3.4 (Felsenstein 1995) were used to generate the distance matrix and to produce the tree. Confidence in the branches of the neighbour-joining tree was assessed by bootstrap analysis (Felsenstein 1985) , using 500 replicates.
The programs S E Q B O O T , D N A D I S T , N E I G H B O R , and C O N -
S E N S E in the P H Y L I P package (Felsenstein 1995) were used for this purpose. All P H Y L I P programs were run on a Sun Sparc station.
Parsimony analyses were conducted with PA U P 3.1.1 on subsets of taxa to assess the effects of method of analysis. The taxa used were selected based on results from the neighbour-joining analysis such that multiple representatives from all major clades and divergent taxa not clearly placed in such groups were included. The representatives selected were chosen to maximize sequence differences within major clades. A total of 10 random addition sequences were run using the heuristic search option in PA U P 3.1.1 (Swofford 1993 ) on a Macintosh Quadra 800. Small batches of unknown taxa were analysed with this subset of knowns to compare placements between parsimony and neighbour-joining methods.
Later analyses were conducted with a beta version of PA U P (4.0d52) written by David Swofford using neighbour-joining of the patristic distance matrix on a Power Macintosh 7500/100. Confidence in branches was assessed with 1000 bootstrap replicates. Molecular clock estimates were made for 1137 aligned positions from the 5′ and central portions of the nuclear small subunit (Nu-SSU) rRNA gene in the following way. Felsenstein 1995) , and those that were significantly worse than the best tree were rejected. The remaining trees were examined visually and those that included Paragyrodon within, rather than as the sister group to, the boletoid group were rejected; this criterion was used because four rRNA genes examined to date (Mt-LSU, Mt-SSU Nu-SSU, and Nu-LSU) all depict Paragyrodon as outside the boletoid group and collectively show strong support for this relationship even though the Nu-SSU gene does not specify this relationship strongly (Bruns & Szaro 1992; T. D. Bruns, unpublished data) . The remaining 12 trees, which differed only in the branching orders within the boletoid group and in the placement of Paxillus relative the suilloid and boletoid groups, were each submitted to maximum likelihood with a clock constraint (DNAMLK, Felsenstein 1995) ; this program forces the constraint that each terminal branch is equidistant from the root and thus corrects for the rate differences on a given topology. Calibration for the root of the tree was based on Berbee and Taylor's estimate of 220 Ma for the divergence of Tremella from polypores, agarics and boletes (Berbee & Taylor 1993) . A 100 Ma error was allowed by also using estimates of 270 and 170 Ma.
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Results and Discussion
Phylogenetic analyses and placement of unknowns
A total of 152 sequences were determined for the ML5-ML6 region of the mitochondrial large subunit. Of these sequences, 121 were derived from identified samples and 31 from initially unidentified mycorrhizae (Table 1 ). The known samples include representatives of 80 genera from 17 families. We were able to determine sequences for virtually all samples. The only consistent exceptions can be attributed to taxa that contained introns in this region. We know that at least five introns can be present and these can dramatically increase the size of the region and in some cases disrupt the ML5 primer site (Li 1995) ; this can make it difficult to amplify or sequence the region from DNA templates. Among the taxa we have sampled, however, introns were rarely encountered and were only found within a subset of species of Albatrellus, Byssoporia, Coniophora, Heterobasidion, Hydnellum, Hygrophorus, Kavinia, Macrolepiota, Rhizopogon, and Suillus. Because these introns were fairly rare and variably present even within species, we did not try to use them for identification purposes, but instead tried to work around them. Obtaining full-length sequence in species containing multiple introns was often difficult and not always achieved. Primers that avoid the introns and amplify the flanking pieces of the structural gene (Fig. 1) helped us to obtain at least partial sequences in all but two species (Albatrellus ovinus and Hydnellum peckii).
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We were able to determine sequences directly from field-collected mycorrhizae in virtually all cases. Although contaminating soil fungi must have been present on most or all of these samples, they did not appear to contribute to the sequences determined. We say this because the sequence clarity was usually very good and the unknown sequences were placed into well-defined lineages of EM fungi (Fig. 2) . Furthermore, many of these placements have been confirmed by internal transcribed spacer region (ITS) RFLP matches or oligonucleotide probing (Cullings et al. 1996; Gardes & Bruns 1996) . These two other methods use different primers and target different regions and thus are independent of the ML5/ML6 sequence analyses Bruns 1996) After exclusion of the unalignable 5′ portion of the fragment and 15 bp of internal positions (Fig. 1) , the remaining sequence was represented by 339 aligned positions within the database; ≈ 40 bp of the 3′ end was not determined in the majority of the taxa. In total, the number of variable positions is 181, and 143 of these are cladistically informative (i.e. they contain variant states that are shared by two or more taxa).
A neighbour-joining tree based on patristic distances generated from PAUP is shown and branches supported by more than 50% of the bootstrap replicates are indicated (Fig. 2) . A tree based on Kimura 2-parameter distances generated by PHYLIP contained all but one of the major groupings shown in Fig. 2a . The only exception was that the position of the Hygrophoraceae (group 15, Fig. 2 ) was shifted and was no longer monophyletic. In both trees all of the unknowns were placed within the same groups indicated.
The large number of taxa, the relatively low number of informative characters, and the many near-zero branch lengths made the number of equally parsimonious trees very high and the computational time too long to allow for a complete analysis of the entire dataset with parsimony. However, even very short (< 10 min) and incomplete parsimony runs using the whole dataset resulted in the same placement of all of the unknown taxa into the same numbered family or subfamily groups indicated (Fig. 2) . Longer runs with subsets of taxa resulted in very similar trees to the one shown in Fig. 2 ; all the branches that were supported by more than 60% of the neighbourjoining bootstrap replicates and also many of the lesser supported branches were also found with the partial parsimony analyses.
Even partial sequences resulted in fairly confident and apparently accurate placements at the family or subfamily level. The placements of partial sequences of Gomphus clavatus, Ramaria conjunctipes, and Kavinia alboviridis are good examples, as all were placed with other known members of the Gomphaceae (group 16, Fig. 2d ) with high confidence (99% bootstrap). Thelephoroid unknowns MR-1, 4 and 7 are also good examples; these have recently been confirmed to be closely related to Thelephora and Tomentella by sequence analysis of the internal transcribed spacer region (D. L. Taylor, unpublished results). Partial sequences, however, often yielded artifactually long-terminal branches especially if the missing data were in highly conserved regions. This was true if neighbour-joining distances were displayed, and it is the reason that we chose to display character changes (i.e. parsimony distances) on the tree shown.
Sequence error and minor misalignments also appear to have little effect on placement of unknowns. The major effect was that the terminal branch lengths were exaggerated. We did not test this in a rigorous way, but we have observed this effect from preliminary analysis of many unknowns in which the sequences were initially incomplete, poor in quality, or misaligned. Yet all such sequences were placed correctly by the phylogenetic analysis as judged by later analysis of completed and accurate sequences, or by ITS-RFLP matches to species within the groups. The phylogenetic resolution was low in many parts of the tree as judged by bootstrap analysis (i.e. those < 70% in Fig. 2 ). Fortunately the low phylogenetic resolution had almost no effect on the family or subfamily placement of the unknown mycorrhizal fungi we encountered. This apparent contradiction is true because the unknowns we encountered and tested turned out to be members of groups that were well sampled and strongly supported by phylogenetic analyses. The strong support is due to the fact that very few sequence differences occur within most major mycorrhizal lineages sampled, while sequence variation between these groups and other taxa is moderate to large (Table 2) . Indeed, many closely related species and genera have identical or nearly identical sequences in this region. For example, among the nine species of Amanita sampled, six have identical sequences and only A. francheti differs by more than 2%. Similarly, within the suilloid group, some species of Suillus, Rhizopogon and Gomphidiaceae have identical sequences, and all others placed within this group differ at only a few positions.
Placements within the boletoid (Fig. 2, group 1 ) and suilloid groups (group 6), the Russulaceae (group 8), the Thelephorales (group 10), and Amanita (group 12) were typically unequivocal because these groups are both well sampled in our database and have very distinct and relatively uniform ML5/ML6 sequences. High bootstrap values define all of these lineages except the suilloid group (group 6), and even in this case the bootstrap value was moderately high (78%) and within the range that can be considered as strong (Hillis & Bull 1993) . Furthermore, virtually all unknowns that we initially identified as suilloid by phylogenetic analysis were also confirmed with oligonucleotide probes, ITS-RFLP matches, or ITSsequence analysis Cullings et al. 1996) .
Cantharellus, Hygrophorus, and the Gomphaceae also have very distinct sequences that should allow unknowns from these groups to be recognized easily, even though our sample remains fairly small. Interestingly, there is one group of unknown mycorrhizal sequences (14MR and
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© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 257-272 Horizontal distance is based on number of inferred substitutions (i.e. parsimony criteria). Vertical distance is arbitrary. Numbers indicate percentage of bootstrap replicates from a sample of 1000 that support the indicated branches; unlabelled branches have values less than 50% or are in parts of the tree where the branch lengths are too small to label. All sequences other than unknown mycorrhizae were derived from identified herbarium collections or cultures (Table 1) . 'Sebacina sp.' may not conform to the current circumscription of that genus, but we give the name that was originally reported for it (Currah et al. 1990) . Groups named in lower-case letters are not currently recognized as formal taxa; we use them here for convenient reference to apparently monophyletic lineages. OMR, cultured from orchid mycorrhizae. PS, partial sequence. OP, confirmed as suilloid (group 6) by oligonucleotide probing ; MR, unknown mycorrhiza, preceded by a unique number, followed by plant host in parentheses and, if the type has been matched by ITS-RFLP, the fungal species name is given; *, taxa that are nonmycorrhizal; *?, suspected to be nonmycorrhizal; ?, unknown ecology. 15MR) that is part of a strongly supported monophyletic group with Cantharellus, but the sequences are quite distinct from the three known sequences of Cantharellus that we sampled (Fig. 2) . These unknowns were associated with Pinus muricata in coastal California. We have also found nearly identical sequences associated with Sarcodes sanguinea in the Sierras, but in neither case were we able to match these unknowns to any fruiting species (Cullings et al. 1996; Gardes & Bruns 1996) . We know that they are closely related to Clavulina cristata.
Use of this database enables one to identify the fungal component of many unknown mycorrhizae to the level of family or subfamily. This is an improvement over the current state of affairs in which many mycorrhizal fungi are not assignable to any meaningful taxonomic group. It is particularly useful when the morphology of the interaction is atypical due to the influence of the plant host. The best examples are the monotropoid and some orchid mycorrhizae, both of which were found to have specific EM associations that were previously unknown (Cullings et al. 1996; Taylor & Bruns 1997) . Another advantage of this database is that it could potentially be used for identification of EM fungi in nonmycorrhizal states such as mycelial mats and rhizomorphs.
Sequence-based family identifications can also be used to narrow the search for species-level identification by other molecular methods such as ITS-RFLP matching. Indeed, many of our successful RFLP matches in previous studies were facilitated by phylogenetic placement of unknown ML5/ML6 sequences (Cullings et al. 1996; Gardes & Bruns 1996; Taylor & Bruns 1997) . One previously unmatched type, 20MR (Gardes & Bruns 1996) , has now been identified as Laccaria amethysteo-occidentalis. It was initially missed because its ITS-RFLP differed from the isolate of the species with which it was compared, but after adding Laccaria laccata to the database it became clear that this unknown was likely to be a Laccaria. This encouraged us to try more extensive ITS-RFLP comparisons, and these revealed that some isolates of Laccaria amethysteooccidentalis were perfect ITS-RFLP matches to the unknown.
Assessing placement of unknowns
To use this database for identification it is important to realize that confidence of the placement within the tree is an important criterion. Two types of evidence can be used: (i) internal confidence, and (ii) external independent evidence. To access internal confidence we have used bootstrap analysis (Felsenstein 1985) , but this may not be necessary to use each time a new unknown is analysed. From the analyses we report here it seems safe to say that placements of unknowns will be strongly supported within any of the groups listed in Table 2 if their sequence differences from other members of the group fall within the range listed. The suilloid group is a minor exception; placements into this group are likely to be only moderately supported by bootstrap but, as discussed above, are very likely to be correct. Placements within Cortinariaceae, Tricholomataceae, and related families (lineages 11, 13, and 14) are more difficult to interpret, because relationships among these taxa are not resolved well by these data.
Independent evidence is the strongest confirmation. We have used ITS-RFLP and oligonucleotide probe analysis where feasible. The large number of candidate species that one may need to compare in order to find an ITS-RFLP match will remain a problem, but extensive ITS-RFLP databases should help to solve this (Kårén et al. 1997) . Oligonucleotide probes will probably have a limited value in the foreseeable future because few are currently available and they require significant effort to test
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Evolutionary implications
The limited phylogenetic resolution of this region results in low confidence in many of the major branches of the tree shown, and the highly biased selection of taxa toward EM species would be another problem if phylogenetic estimation were the main goal. Nevertheless, two interesting evolutionary patterns transcend these problems and are worth noting: (i) saprobic and EM taxa are intermixed throughout the tree, and (ii) all of the EM groups for which we have large samples exhibit very short withingroup branch lengths relative to other branches in the tree.
The first pattern can be seen in several parts of the tree. In the Boletales (Fig. 2a, all groups) the wood-decaying species of the Coniophoraceae (groups 3 and 4) and Paxillaceae (group 3) appear to be the close relatives of the boletoid and suilloid groups, the two largest samples of mycorrhizal fungi in our database. This connection of the Coniophoraceae and Paxillaceae to the Boletaceae is also supported by secondary chemistry (Gill & Steglich 1987) . At the base of the Russulaceae and the Thelephorales are three wood-decaying taxa: Bondarzewia, Heterobasidion and Panus. Bondarzewia has been hypothesized to be related to the Russulaceae, based on morphological characters (Singer 1986 ) and this hypothesis is also suggested by independent sequence data from the mitochondrial small subunit rRNA gene (Hibbett & Donoghue 1995) . The latter work by Hibbet and Donoghue also placed other wood-decaying taxa (Auriscalpium, Lentinellus, Echinodontium and Gloeocystidiellum) into the clade that includes the Russulaceae. Finally, within the central area of the tree (Fig. 2c) , saprobic and mycoparasitic taxa such as Agaricus, Asterophora, Bolbitius, and Nematoloma are intermixed with EM taxa such as Tricholoma, Inocybe, and Cortinarius. The exact relationships within this loose group are not clear from these data, as judged by multiple equally parsimonious trees, short internodal branches, and weak bootstrap values; nevertheless, it is clear that the sequences of both nonmycorrhizal and EM taxa are very similar to each other within this cluster. Collectively these examples show that the switch between saprobic and EM lifestyles probably happened convergently several and perhaps many times. These examples suggest that different lineages of EM basidiomycetes may well have different biochemical capacities which in turn may relate to their ability to degrade litter and extract mineral nutrients (Bruns 1995) .
The second pattern, that of the short branches, can be best seen in the boletoid (Fig. 2, group 1 ) and suilloid groups (group 6), the Russulaceae (group 8), the Thelephorales (group 10) and the Amanitaceae (group 12). In these lineages the samples are large and diverse enough that taxon selection is unlikely to be the reason for the short branch lengths. If read from a molecular clock perspective, the short branches suggest that these five groups, and perhaps several others, represent relatively recent radiations. We can not directly address the time scale of the radiation with the ML5/ML6 data because this molecule has not previously been used for molecular clock estimates. Thus, no estimated rate of change nor any dated branches have been determined. Furthermore, the small size of the molecule would limit the resolution of time estimates. For these reasons we turned to the nuc SSU rRNA gene, which has been previously used for molecular clock estimates in the fungi (Berbee & Taylor 1993; Simon et al. 1993) , and for which data are available for representatives of two of these five raditions: the suilloid and boletoid groups. We estimated divergence times for these two groups by submitting 12 possible topologies to a maximum likelihood molecular clock model (DNAMLK), using Berbee and Taylor's estimate of 220 Ma, and allowing an error of ± 50 Ma on this estimate (Fig. 3) . This approach yielded estimates ranging from 60 to 35 Ma for the suilloid group and 94-31 Ma for the boletoid group. The larger range and greater age of estimates for the boletoid group is probably caused by the inclusion of Phylloporus, which is know to have an accelerated rate of change in the nuc SSU rRNA gene (Bruns & Szaro 1992) . In any case both sets of estimates essentially fall in the early to mid Tertiary period and coincide with the only fossil ectomycorrhiza found to date -a 50 Ma old middle Eocene ectomycorrhiza that appears to be suilloid (Lepage et al. 1997) . The upper end of our range of estimates also overlaps the Eocene-Oligocene transition. During this time the earth's climate became cooler and more temperate, and trees in the Pinaceae and Fagales, both obligate ectomycorrhizal taxa, came to dominate the temperate forests (Berggren & Prothero 1992) . Combining these facts and estimates with our original observation of short branch lengths in at least five lineages of ectomycorrhizal basidiomycetes, we speculate there has been a convergent radiation of several groups of EM fungi in response to the expanding geographical ranges of their shared plant hosts. This hypothesis may later be rejected if many of the nonectomycorrhizal fungal groups also appear to radiate during a similar time period, but our current EM-biased taxomonic sample does not allow us to address this issue.
This database in relation to current and future needs
We view this database as a working version that we will continue to develop over the next several years. Updated versions will be posted on our website as they become available. In its current state it is a useful supplement to existing methods such as ITS-RFLP analysis and detailed morphotyping. It fills a need for identification of types that cannot be determined by other methods. The main advantages of the ML5-ML6 fragment are: its small size, its alignability, and the availability of fungal-specific primers to amplify it.
Although most major EM groups are included in the database, there are several significant omissions. The most obvious is the lack of any ascomycetes. To date we have not been able to amplify these well with the ML5/ML6 primers. This is not too surprising given that known ascomycetous sequences (e.g. Saccharomyces, Aspergillus, Neurospora and Podospora) are very divergent and essentially unalignable relative to the basidiomycetous sequences in the database. Within the Basidiomycota there are also some important omissions. These include nonthelephoroid resupinate taxa (e.g. Amphinema), gasteroid fungi of uncertain taxonomic placement (e.g. Leucogaster, Leucophleps, and others), Coltricia (Hymenochaetaceae) and additional taxa within the Tricholomataceae and Cortinariaceae.
Other than such omissions, which can be corrected over time, this database still has one major disadvantage: its lack of resolution among closely related genera. For this reason we expect that this database will probably be replaced by one based on sequences from the ITS region. The main advantages of ITS sequences are their much greater resolution among closely related species and genera (Bruns 1996) . ITS is such a popular target for phylogenetic analysis that sequences of it are rapidly accumulating; these include sequences from some EM groups such as Cortinarius, Dermocybe, Suillus, Tricharina, and Wilcoxina (Liu et al. 1995; Egger 1996; Kretzer et al. 1996; Kretzer & Bruns 1997; Liu et al. 1997) . Currently,
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© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 257-272 Fig. 3 Estimated divergence times for the Boletales (1), boletoid group (2), and suilloid group (3) based on maximum likelihood analysis of nuclear small subunit rRNA gene sequences. Berbee & Taylor's (1993) estimated divergence of 220 Ma (b) for the node indicated (*) is assumed. Estimated times are given graphically for the Boletales and suilloid group and in tabular form for all three lineages. Range of estimates is derived by allowing ± 50 Ma (a & c) variation from the Berbee and Taylor date and through analysis of 12 other topologies that differ slightly from the one shown. All 12 trees shared the internal branches indicated in bold and were not significantly different from each other based on Kishino & Hasegawa (1989) tests. The tree is drawn to the geological time scale shown. Epochs of the Tertiary: P, Palaeocene; E, Eocene; O, Oligocene; M, Miocene; unmarked, Pliocene. many other important EM groups remain unsampled. Thus, until many more ITS sequences are available the database presented here will remain a useful tool for the identification of EM fungi.
